The species Allium cepa includes two major crops on the basis of morphological traits and typical reproduction mode: sexually reproduced biennial onions and vegetatively propagated perennial shallots which rarely flower. In addition, the seed-propagated shallot, a recently released variety with intermediate phenotype for life history, has been described and used by breeders. A joint analysis using molecular markers (random amplified polymorphic DNA, RAPD) and morphological characters was undertaken for the assessment of genetic diversity and crop classification among Allium cepa genotypes. A morphological study describing growth. and development was carried out on a nested sampling (34 accessions) from two geographical origins (European or tropical) and of different plant status (improved varieties or local ecotypes). Four primers generated 24 reproducibly scorable DNA bands which gave individual fingerprinting for representative accessions of both onions and shallots. Our results indicate that the seed-propagated shallot is more closely related to onions than to vegetatively propagated shallots and, moreover, reveal a geographical structure of genetic diversity. The evolutionary significance of these data is discussed.
Introduction
The domestication process of Allium cepa is very ancient, as shown by the presence of onions in Egypt 5000 years ago. According to Zeven & Zhukovsky (1975) , there is either a single centre of origin for both onions and shallots located in central Asia or two different centres located in the same area.
Nowadays selection and isolated cultivation have produced a large spectrum of locally adapted varieties with respect to daylength response for bulbing. Local ecotypes display a high genetic variability for traits such as photoperiod, precocity of bulbing and bulb dormancy (Rouamba et al., 1993) . However, the influence of geographical distribution in respect of daylength response on the structure of genetic diversity is insufficiently studied.
The species A. cepa displays different reproductive modes: sexual reproductive onions (allogamous and protandrous) and vegetatively propagated shallots. Recent classifications of A. cepa suggest a partition *Correspondence. E-mail: lethier@psisun.u-psud.fr 1997 The Genetical Society of Great Britain.
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of the species into three botanical groups (Hanelt et al., 1992) : the Common Onion group, constituted by sexual reproductive onions, the Aggregatum group, formed with vegetatively propagated shallots, and the Proliferum group, which presents vegetatively propagated onions producing bulblets (topset).
Asexual shallots have been placed in the species A. ascalonicum; however, its interfertility with A. cepa (Atkin, 1953) was the reason for considering both as the same species (A. cepa). The existence of those two interfertile forms suggests the presence of an evolutionary continuum between a sexual form and a vegetatively reproduced form selected against flowering during the domestication process. Onions and asexual shallots can be differentiated by morphological characters (single, large bulb for onions vs. bulblets for shallots), by their reproductive mode (sexual reproduction vs. asexual reproduction) and by their life cycle (biennial for onions vs. perennial for shallots).
Taxonomy and genetic diversity within the genus Allium have already been studied by isozymes, rDNA, restriction fragment length polymorphism (RFLP) and RAPD markers. Studies using isozymes have measured genetic variability of between-and within-population variation (Peffley & OrozcoCastillo, 1987; Rouamba et at., 1993) . Taxonomic studies carried out with RFLP markers revealed high differentiation between species, especially for species belonging to the section Cepa (Bradeen & Havey, 1995) . RFLP markers have been used at an intraspecific level in order to analyse genetic similarities between onions with different kinds of daylength response (Bark & Havey, 1995) . Genetic relationships between A. cepa and A. fistulosum were reported by Ricroch et at. (1992) using in situ hybridization of rDNA sequences.
RAPD markers are useful for determining the distribution of genetic variability within and among taxonomic units and have been applied for this purpose in different species, especially on clones (Castiglione et al., 1993) . They have been used in A.
sativum (MaaB & Klaas, 1995) and in A. cepa (Wilkie et al., 1993; Bohanec et aL, 1995) .
In this study, we assessed the efficiency of using chosen morphological characters and RAPD markers to examine the distribution of genetic diversity among several accessions of sexual and asexual forms of A. cepa representing a wide geographical range. Moreover, we addressed the question of whether the seed-propagated shallot belongs to the onion or shallot groups.
Materials and methods

Growth conditions
Seeds of 19 accessions of onions and bulbiets of 21 shallot accessions were planted between 2 and 10 February and cultivated under standard conditions in greenhouses at Paris-Sud University (France) ( Characteristics describing growth and development listed in Table 2 were chosen because they have been shown to be valuable descriptors of onion and shallot life history (Messiaen et al., 1993) . Every week, bulb and neck diameters of onions were measured during the development cycle in order to determine a bulb ratio. When maximal bulb diameter is twice minimal neck diameter (R2), it indicates the onset of bulbing (Brewster, 1977) . The number of days from sowing to R2 was calculated. Leaf number of onions and shallots was scored every week until harvesting. The other characteristics were determined at maturity. A plant was determined as mature when 50 per cent of leaves wilted and were recumbent on the ground. At harvest onion bulbs and shallot bulblets were dried at 80°C for 48 h and the dry matter content was measured.
Data analysis The data recorded from the 33 accessions of onions and vegetatively propagated shallots were submitted to multivariate statistical analysis.
The combined procedure described by Sarr & Pernès (1988) was used. This procedure involves a principal component analysis, a clustering algorithm using the Euclidian distance calculated from the data matrix, and a discriminant analysis. It allows an accurate description of phenotypic variation and its organization within the gene pool studied. were scored for RAPD analysis. This sampling scheme ensured representation of a large geographical and ecotypic range. For shallots, the 14 accessions representative of ecotypes and commercial clones were chosen. Because the shallot sample contained only 14 accessions (17 genetic individuals), the sample size was too small to assess the geographical distribution of the genetic variability. For the seed-propagated shallot, eight of the 10 individuals tested in the morphological analysis were examined.
The Genetical Society of Great Britain, Heredity, 78, 403-409. 48 cycles of 1 mm denaturation at 94°C, 1 mm annealing at 37°C and 1.5 mm extension at 72°C, followed by final extension at 72°C followed by a cooling at 4°C. Tubes containing all reaction products except template DNA were used as control. Ten millilitres of amplification products were electrophoresed in 3 per cent agarose gels in 0.5 x TBE. We used qX DNA digested with HaeIH as a molecular weight marker.
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Data analysis
Each amplification was repeated three times. The visible and reproducible bands were scored as present (1) or absent (0). Similarity indices (F) from Jaccard (1908) and Nd & Li (1979) were calculated. Genetic distances (1-F) were used to build a dendrogram according to the UPGMA clustering procedure. Because results using the two indices were similar, only the dendrogram based on the Nei and Li distance is shown. The Boolean matrix was also submitted to factorial correspondence analysis (Morrison, 1990) . This multivariate procedure is similar to a principal component analysis except for computation of coordinates along axes which is based on a x2 distance.
Results
Morphology and life history
The life history of the seed-propagated shallot was observed from sowing seeds or from planting bulbs.
From seed, one large bulb was obtained which rapidly divided to produce a cluster of small bulbs.
When one bulb was planted it further divided to form a cluster of small bulbs, followed by flowering in the second year.
The principal component analysis based on morphological characters (data not shown) suggested that phenotypic diversity was organized in two and three major clusters for onions and vegetatively propagated shallots, respectively. This structure was confirmed by a clustering algorithm followed by a discriminant analysis which allowed a final classification (Table 3 ).
In onions, the most discriminant variables were bulb fresh matter content (FMC) and bulb height (BH), both descriptors of bulb yield. Moreover, BH is a morphological character reflecting selection for bulb shape. Geographical distinction was less obvious for vegetatively propagated shallots than for onions. Three clusters were discriminated by three major variables: bulbiet plate length (BPL), leaf number (LN) and buiblet fresh matter content (BFMC) . Clusters 1 and 2 included all the European accessions (both improved varieties or local ecotypes); the first one was composed of accessions that presented a very good yield, and the second one Cluster three contained all the tropical accessions. They were characterized by low yield values similar to the values of cluster 2. Variables (LN and BFMC) involved in the discriminant analysis of vegetatively propagated shallots describe carbohydrate allocation from leaves to storage organs. Concerning the seedpropagated shallot, we noticed the emergence of both seeds and bulblets (topsets) within umbels.
Differentiation of sexual and asexual forms based on RAPD markers
The choice of the four primers in this present study was based on the polymorphism revealed in previous studies on Allium species (Wilkie et al., 1993; Bohanec et a!., 1995) . These four primers generated a total of 24 reproducible bands scored for statistical analysis. An example of patterns using primer OPA 19 for different accessions of onion shows polymorphism within and between accessions (Fig. 1) .
RAPD analysis did not identify any band specific to one of the three forms (onions, vegetatively propagated shallots or the seed-propagated shallot).
However, some bands were more frequent in one form than in another.
The dendrogram (Fig. 2) and the two factorial component analyses (data not shown) from analysis of RAPD bands showed a differentiation between the 'echalote grise' (S-16 and S-20), the vegetatively propagated shallots and the onions. The seed-propagated shallot is closer to onions than to vegetatively propagated shallots. The differentiation is mainly in Table 3 Results of discriminant analysis for onions and shallots based on morphology and life cycle traits Table 2 for abbreviations. Table 1 for accession details) built based on the Nei and Li distance (e, european origin; t, tropical origin).
relation to the reproductive mode; but within each form differentiation by geographical origin (tropical or European) was observed.
Discussion
The morphological study showed that the seed-propagated shallot constitutes an intermediate form with life history of both sexual and asexual forms. The life cycle of the seed-propagated shallot is biennial and characterized by bulblet (topsets) production (similar to vegetative growth of vegetatively propagated shallots) followed by seed production (similar to onions). The presence of a transient stage in its life history characterized by the formation of a single large bulb is not comparable to the onset of bulbing of onions. Consequently, the onset of bulbing determined by the bulb ratio (R2) could not be scored. The use of neutral markers allowed the seedpropagated shallot to be compared with onions and vegetatively propagated shallots. Not surprisingly, the dendrogram (Fig. 2) showed that differentiation in relation to reproductive mode was more ancient than the geographical differentiation. The 'echalote grise' (S-16 and S-20) never flowers in natural conditions, although flowering can be induced by severe stress. Its divergence from the other vegetatively propagated shallots has already been suggested from morphological characteristics such as bulb skin, umbel morphology and root type (Messiaen et a!., 1993) . Our results are in agreement with this observation. The molecular study suggests that the seedpropagated shallot should be classified in the onion cluster. Furthermore the dendrogram revealed that this sexual form was closer to European onions than to tropical ones.
The geographical differentiation found in the morphological study was confirmed by RAPD polymorphism. Rouamba (1992) Further studies on the diversity found in wild species (such as A. pskemense or A. vavilovii) will
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